Most signaling pathways promote cellular gene expression with burst attenuation kinetics; maximal rates of transcription are typically achieved within 30 min of stimulation, returning to baseline after 2 to 4 h (24) . Transcriptional activation via the second messenger cyclic AMP (cAMP), for example, is rate limited by nuclear entry of protein kinase A (PKA) catalytic subunit, a passive process that plateaus after 15 to 30 min, coinciding with peak levels of CREB Ser133 phosphorylation and target gene activation (8, 9) . Over the subsequent 2-to 4-hour attenuation phase, transcription rates return to prestimulus levels, reflecting, in part, the protein phosphatase 1 (PP-1)-mediated dephosphorylation of CREB at Ser133 (8) .
The paralogous coactivators CREB binding protein (CBP) and p300 have been proposed to mediate target gene activation during the burst phase by acetylating promoter-bound nucleosomes and thereby allowing productive assembly of the transcriptional apparatus (3, 22) . In cellular microinjection experiments where endogenous CBP activity is sequestered with anti-CBP antiserum, for example, histone acetyltransferase (HAT)-defective forms of CBP are unable to rescue target gene activation via CREB (14) . Indeed, recent studies in other signaling systems have reinforced the notion that chromatin remodeling is a prerequisite for induction of signal dependent genes. p300 is capable of promoting target gene activation via the estrogen receptor in vitro, for example, on chromatin assembled but not on nonchromatinized templates (15) . Stimulation of the beta interferon promoter in vivo, moreover, is accompanied by nucleosome acetylation over the promoter, and mutations in promoter-bound factors that abrogate recruitment of CBP correspondingly inhibit both nucleosome acetylation and target gene activation (23) .
In addition to its effects on nucleosome remodeling, CBP has also been found to promote target gene expression via an association with RNA polymerase II complexes (12, 13, 19, 20) . Such CBP-RNA polymerase II complexes appear competent to mediate target gene activation via Ser133-phosphorylated CREB [phospho-(Ser133)-CREB] comparably on naked DNA and nucleosome-assembled templates, suggesting that chromatin derepression, per se, may not be a prerequisite for target gene activation in response to cAMP (17) .
Here we evaluate the importance of cellular HAT activities for transcriptional activation via CREB. Our studies reveal that although histone deacetylase (HDAC) inhibitors cooperate with cAMP signals on chromosomal templates, they do not potentiate target gene activation during the expected early burst phase, where CBP/p300 recruitment to the promoter is maximal. Rather, HDAC inhibitors promote transcription from cAMP-responsive genes during the attenuation phase, by prolonging Ser133 phosphorylation and thereby extending the ability of CREB to engage the transcriptional machinery via its association with CBP/p300. Our results suggest that chromatinbound activators may be differentially phosphorylated in response to cellular signals depending, in part, on local chromatin structure.
reporter plasmid and 50 ng of the Rous sarcoma virus (RSV)-based plasmid RSV-␤GAL. CAT and ␤-galactosidase assays were performed as described previously. GAL4-CREB(1-283) plasmid (8 g/100-mm-diameter dish) was transfected into D5 cells by calcium phosphate transfection as described above.
Northern blot analysis. Total RNA was isolated from untreated cells or from cells treated with forskolin, TSA (100 ng/ml), 15 mM sodium butyrate, or 100 nM trapoxin. Northern blot analysis was performed as described previously, using either an antisense RNA probe to rat somatostatin or an ␣-tubulin cDNA probe (18) .
Immunoblotting and immunocytochemistry. D5 cells were treated with activators as described for various lengths of time and were lysed with sodium dodecyl sulfate (SDS)-urea lysis buffer. Whole-cell lysates (20 g) were resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% gel. Duplicate blots were probed with an anti-CREB antibody (244) or a phospho-Ser133-specific antiserum (5322) (9) . Immune complexes were detected by chemiluminescence. Data for phospho-CREB are representative of a minimum of five independent experiments. Immunofluorescence assays were performed as previously described (2) .
Chromatin immunoprecipitation assays (ChIPs). D5 cells were grown to near confluence in 15-cm-diameter dishes and then treated for 30 min in the absence or presence of forskolin (10 M) and/or TSA (100 ng/ml). Cellular histone proteins were cross-linked to chromatinized DNA for 10 min at 37°C by addition of 1% formaldehyde to the medium. Crude nuclei were isolated by Triton X-100 lysis (0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES [pH 6.5]), resuspended in 0.5 ml of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.0]), and sonicated to reduce the chromatin DNA length to approximately 200 to 2,000 bp. The chromatin solution was diluted 10-fold in immunoprecipitation dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.0], 165 mM NaCl) and incubated with 4 l of anti-acetylated H4 antiserum (gift from C. D. Allis, University of Virginia) (16); 2 g of poly(dI-dC) was added to each reaction, and immune complexes were collected with protein A-agarose beads. Following extensive washing and elution in 1% SDS-0.1 M NaHCO 3 , DNA-histone protein cross-links were reversed by incubation at 65°C for 4 h. Released DNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation. Immunoprecipitated DNA was immobilized onto Zeta-Probe membrane (Bio-Rad) by slot blotting, and somatostatin gene sequences were detected by hybridization with an antisense RNA probe (4) . The data are representative of three independent experiments.
Nuclear run-on transcription assay. D5 cells were stimulated for various times (30 min to 4 h) with 10 mM forskolin and/or 100 ng of TSA per ml. Nuclear run-on transcription was performed as previously described. The data are representative of three independent experiments at the 30-min time point and two independent experiments for the time course (8) .
Chromatin assembly and analysis. Plasmid 3ϫ CRE-MLP (20) , containing three cAMP response element (CRE) sites inserted upstream of the adenovirus major late promoter, was used in assembly reactions. Drosophila S190 extract was preincubated with purified Drosophila core histones for 30 min at room temperature (15) ; 500 ng of 3ϫ CRE-MLP plasmid (1.3 nM, final concentration) was added to the assembly mixture along with an ATP-generating system, and the reaction mixture was incubated for 3.5 h at 27°C. Following assembly, reactions were divided for either DNA supercoiling, micrococcal nuclease digestion, or cAMP-responsive element modulator (CREM) phosphorylation assays. For phosphorylation experiments, 3.9 nM CREM was incubated with the assembly reaction for 30 min at 27°C, and approximately 12 nM PKA catalytic subunit was added to each reaction. In time course experiments, aliquots of the reactions were stopped by mixing with 2ϫ SDS loading buffer. Phospho-CREM levels were assessed by immunoblotting with phosphospecific antiserum.
Cellular PKA activation assay. Methods for determining cellular PKA activity have been described elsewhere (6) . D5 cells were stimulated for various times with 10 M forskolin with or without TSA. Cells were then collected and lysed in 100 l of HP (10 mM potassium phosphate [pH 6.8], 1 mM ␤-mercaptoethanol, 10 g of leupeptin/ml, 10 mM magnesium acetate, 10 M ATP containing 5 ϫ 10 5 cpm of [␥-32 P-ATP [3,000 Ci/mmol], 30 g of Kemptide substrate). Background was determined from reactions lacking Kemptide substrate, and total PKA activity was estimated in reactions containing 20 M dibutyryl-cAMP. Reaction mixtures were incubated for 5 min at 30°C, aliquots were spotted onto Whatman P-81 paper, and the filters were washed in 75 mM phosphoric acid twice for 1 min each time.
32 P incorporation was determined by liquid scintillation counting. Data are representative of three independent experiments.
RESULTS
To test the importance of cellular HAT activities in promoting expression of cAMP-responsive genes, we used the HDAC inhibitors butyrate, TSA, and trapoxin. When added to cultures of D5 cells, all three inhibitors markedly potentiated somatostatin mRNA accumulation in cells costimulated with the cAMP agonist forskolin for 4 h (Fig. 1A , compare lanes 1, 2, 5, 6, 7, 8, and 10) but had minimal effects on target gene expression by themselves (compare lanes 11, 13, 15, 17, 19, and 21) . Cooperativity between cAMP and HDAC inhibitor was most apparent at later times; a time course analysis of D5 cells revealed optimal synergism between these inducers at 2 to 4 h (Fig. 1A , compare lanes 14, 18, and 22). Arguing against integration-site-or cell-type-selective effects, HDAC inhibitors also potentiated chromosomal stomatostatin gene and endogenous c-fos gene expression in other NIH 3T3 lines as well as in clonal isolates of PC12 cells (not shown).
cAMP has been shown to stimulate somatostatin gene expression via the PKA-mediated phosphorylation of CREB at Ser133 (7). To determine whether HDAC inhibitors promote somatostatin gene expression via a CREB-dependent mechanism, we used a dominant negative A-CREB cytomegalovirus (CMV) expression vector. The A-CREB polypeptide potently inhibited somatostatin mRNA accumulation in response to both forskolin and TSA but had no effect on ␣-tubulin mRNA levels in the same cells (Fig. 1B, compare lanes 4 and 8) . These results indicate that CREB is required in order for HDAC inhibitors to augment somatostatin gene expression.
To rule out nonspecific effects of HDAC inhibitors on the cAMP pathway, we performed cellular PKA activation assays using synthetic Kemptide fragment as the phosphorylation substrate. Forskolin treatment induced 70% of total cellular PKA activity within 30 min of stimulation, and this effect persisted throughout the 2-h time course of treatment ( Fig. 1C and D) . Costimulation with TSA did not potentiate cellular PKA activity either alone (not shown) or in combination with forskolin stimulus ( Fig. 1C and D) . Indeed, total levels of PKA catalytic subunit remained constant in TSA-forskolin-stimulated cells by Western blot assay, indicating that HDAC inhibitors do not enhance CREB activity indirectly by stimulating PKA (Fig.  1C) .
Following its recruitment to the promoter via phosphoSer133 CREB, the coactivator CBP has been hypothesized to mediate target gene activation, in part, by acetylating and disrupting promoter-bound nucleosomes (3, 22) . To determine whether HDAC inhibitors potentiate CREB activity by enhancing nucleosome acetylation over the somatostatin promoter during the burst phase, we performed ChIPs. Forskolin treatment had a small though reproducible effect on histone acetylation over the somatostatin promoter after 30 min ( Fig.  2A) . By contrast, TSA induced a robust fourfold increase in nucleosomal acetylation during the same time frame, and costimulation with cAMP had no greater effect than TSA alone ( Fig. 2A) .
To evaluate whether the TSA-dependent acetylation of nucleosomes over the somatostatin promoter during the burst phase is sufficient to promote somatostatin gene transcription in D5 cells costimulated with cAMP agonist, we performed run-on transcription assays. Following treatment with forskolin alone, somatostatin transcription rates increased four-to fivefold at 30 min (Fig. 2B ). Remarkably, TSA had no effect on somatostatin gene expression at 30 min, either alone or in combination with forskolin (Fig. 2B) . The lack of cooperativity between TSA and forskolin at this time point does not appear to reflect variable sensitivity of D5 cells to either inducer; TSA promoted H4 acetylation in greater than 60% of cells by immunofluorescence analysis, and forskolin stimulated Ser133 phosphorylation of CREB in about 90% of cells, suggesting that a majority of cells are responsive to both reagents (not shown).
The delayed effects of HDAC inhibitors on somatostatin mRNA accumulation in forskolin-treated D5 cells (Fig. 1A) prompted us evaluate somatostatin transcription rates at later times after stimulation. Following treatment with forskolin alone, somatostatin transcription rates returned to prestimulus levels by 4 h (Fig. 2C) . By contrast, somatostatin transcription rates remained elevated throughout the attenuation phase in cells costimulated with forskolin plus TSA, suggesting that the underlying cooperativity between these inducers reflects a late effect of HDAC inhibitor on CREB activity (Fig. 2C) .
The importance of Ser133 phosphorylation for transcriptional induction via CREB prompted us to evaluate levels of phospho-Ser133 CREB in cells stimulated with cAMP agonist and/or HDAC inhibitor. Following treatment of D5 cells with forskolin, both CREB and its mammalian paralog ATF-1 were phosphorylated to maximal levels after 30 min (Fig. 3A) . Reflecting the previously noted action of the Ser/Thr phosphatase PP-1 on both activators, levels of phospho-ATF-1 and phospho-CREB were diminished in parallel with target gene expression rates during the subsequent attenuation phase (Fig.  3A and B) . TSA alone had no effect on CREB Ser133 phosphorylation during the 4-h assay period (not shown); when added in combination with forskolin, however, TSA strongly enhanced both CREB and ATF-1 phosphorylation in cells after 2 to 4 h (Fig. 3A) . Similar results were observed by immunofluorescence analysis of D5 cells with phospho-CREBspecific antiserum. Nuclear phospho-Ser133) CREB staining was virtually undetectable after 2 h stimulation with forskolin alone, but phospho-CREB staining remained elevated in cells exposed to both forskolin plus TSA (Fig. 3C) . Indeed, other HDAC inhibitors had similar effects: butyrate (15 mM) and trapoxin (100 nM) enhanced Ser133 phosphorylation of CREB and Ser64 phosphorylation of ATF-1 2 to 4 h following costimulation with cAMP agonist (Fig. 3D) .
The importance of PP-1 in attenuating CREB activity at late times after cAMP induction prompted us to examine whether HDAC inhibitors act in part to block PP-1 activity. To test this model, we performed pulse-chase studies in which D5 cells were stimulated with forskolin or forskolin plus TSA for 30 min and then transferred either to control medium or to medium supplemented with TSA. Following removal of the forskolin stimulus, CREB was dephosphorylated with an estimated half-life of 30 min ( Fig. 4A and B) . TSA had no effect on cellular levels of phospho-Ser133 CREB during the chase period, indicating that PKA activity is continuously required for potentiation via HDAC inhibitors (Fig. 4A and B) . CREB phosphatase activity in control and TSA-treated cells appeared comparable by in vitro phosphatase assay with phospho-Ser133 CREB, indicating that HDAC antagonists do not promote Ser133 phosphorylation by inhibiting cellular PP-1 activity (Fig. 4C and D) .
Histone acetylation has been shown to enhance accessibility of nuclear factors and other regulatory factors to the mononucleosome (27) . To evaluate whether acetylation of nucleosomes in response to HDAC inhibitors similarly increases accessibility of the signaling machinery to chromatin-bound CREB polypeptides, we compared CREB activities on chromosomal and plasmid templates, which are thought to assemble incompletely into chromatin structures and to promote transcription via chromatin-independent mechanisms (11) . Following transient transfection into D5 cells, a somatostatin reporter plasmid was induced 14-fold by forskolin after 4 h. Remarkably, neither TSA (Fig. 5A) , butyrate, nor trapoxin (not shown) had any effect on the extrachromosomal somatostatin template, either alone or in combination with cAMP agonist. Although we did not examine the chromatin state of the somatostatin reporter construct, the bulk of the evidence suggests that such templates do not recapitulate native genomic chromatin (25) .
The unresponsiveness of the extrachromosomal somatostatin template to HDAC inhibitor prompted us to examine whether the phosphorylation status of non-chromatin-bound CREB polypeptides might differ from that of the chromatinbound population. Following transfection into D5 cells, a GAL4-CREB construct (amino acids 1 to 283) lacking the CREB DNA binding domain (amino acids 284 to 341), and therefore unable to bind to cellular CRE sites, was continuously phosphorylated in response to forskolin treatment with no discernible attenuation after 2 h (Fig. 5B, compare lanes 1  to 5) . Costimulation of D5 cells with TSA had no effect on Ser133 phosphorylation of GAL4-CREB but potentiated Ser133 phosphorylation of endogenous CREB and Ser64 phosphorylation of the paralogous ATF-1 proteins in the same cells (Fig. 5B, compare lanes 4 and 8) . These results suggest that HDAC inhibitors potentiate cellular gene expression via cAMP by enhancing phosphorylation of CREB and ATF-1 in a chromatin-dependent manner.
Based on the ability of A-CREB to heterodimerize with and block binding of CREB to cellular CRE sites (1), we examined whether overexpression of this dominant negative polypeptide would alter the status of Ser133 phosphorylation, in part, by liberating chromatin bound CREB protein and thereby increasing PKA accessibility. Following treatment with forskolin, CREB was maximally phosphorylated after 30 min, returning to prestimulus levels in control cells transfected with either empty expression vector or dominant negative control A-fos plasmid (Fig. 5C ). By contrast, overexpression of A-CREB polypeptide markedly enhanced CREB Ser133 phosphorylation both under basal conditions and following forskolin treatment (Fig. 5D) . Indeed, CREB remained heavily phosphorylated throughout the attenuation phase in A-CREB-expressing cells (1 to 3 h), underscoring the potential importance of chromatin localization for stimulus-appropriate regulation of CREB by PKA (Fig. 5C and D) .
The ability of A-CREB to enhance CREB phosphorylation status led us to consider whether promoter-bound nucleosomes normally repress target gene transcription during the attenuation phase by blocking accessibility of PKA to its substrate. To test this model directly, we performed in vitro PKA phosphorylation assays on chromatin templates, using the CREB-related CREM protein as purified recombinant substrate. CREM was used in place of CREB for these assays due to its ease of purification from recombinant sources. Following assembly of periodic nucleosomal arrays on a cAMP-responsive template (3ϫ CRE-MLP, 1.3 nM) with a Drosophila chromatin assembly extract (S190) (5), purified recombinant CREM protein (3.9 nM) was added to reactions. Under these conditions, CREM and CREB have been found to bind CRE sites on chromatin-assembled templates in a phosphorylationindependent manner (17) . S190 extract induced low-level phosphorylation of CREM at Ser71 during chromatin assembly (Fig. 6A, lanes 1 and 2) , but addition of PKA resulted in far higher levels of Ser71 phosphorylation in reactions lacking (Fig. 6A, compare lanes 2 and 5) . PKAmediated phosphorylation of CREM at Ser71 was severely attenuated on chromatin-assembled templates compared to templates lacking purified histones (Fig. 6A , compare lanes 2 to 5 and lanes 6 to 9). Supporting the notion that binding of CREM to chromatinized template is necessary to block accessibility to PKA, addition of CRE oligonucleotide in 100-fold molar excess (400 nM) relative to template rescued phosphor- ylation of CREM by PKA (Fig. 6A , compare lanes 6 to 9 and lanes 10 to 13).
The importance of CBP/p300 HAT activity for activation of cAMP-responsive genes prompted us to examine whether p300 could reverse the inhibitory effects of chromatin on PKAmediated phosphorylation of CREM. When added to chromatin assembly reactions, p300 (200 nM) partially restored PKAmediated phosphorylation of CREM, suggesting that nucleosome disruption may be sufficient to enhance accessibility of PKA to its target substrates (Fig. 6B , compare lanes 5 to 8 and lanes 9 to 12). Taken together, these observations support the notion that the phosphorylation status of a signal-dependent activator is in part determined by the configuration of the surrounding chromatin.
DISCUSSION
Nucleosome acetylation is thought to constitute an integral component in the process of target gene activation by extracellular stimuli. Our findings suggest that in addition to regulating assembly of the transcriptional machinery, promoterbound nucleosomes may also modulate the phosphorylation status of nuclear activators by limiting their access to signaldependent kinases.
Using a fibroblast line containing chromosomal copies of the somatostatin gene, we observed that three HDAC inhibitors (butyrate, TSA, and trapoxin) synergized with cAMP agonists to promote somatostatin gene expression on chromosomal but not extrachromosomal templates. Run-on transcription assays indicate that these inhibitors potentiate somatostatin transcription primarily during the late attenuation phase, by extending the time course over which CREB is phosphorylated in response to cAMP. Importantly, the initial rate and maximal amplitude of CREB phosphorylation were unaffected by HDAC inhibitors.
HDAC inhibitors do not appear to prolong CREB phosphorylation by either enhancing PKA or inhibiting PP-1 activities directly. Although we cannot rigorously exclude activation of other signaling pathways, our results point to a chromatindependent mechanism for these effects. In transient transfection assays, GAL4-CREB polypeptides lacking the CREB DNA binding domain and therefore unable to bind cellular CRE sites remained heavily phosphorylated throughout the attenuation phase and were unresponsive to HDAC inhibitor. Similarly, overexpression of a dominant negative A-CREB polypeptide that displaced CREB from its resident chromosomal sites strongly enhanced Ser133 phosphorylation during the late attenuation phase.
Imaging studies with fluorescence-tagged PKA suggest that the catalytic subunit enters the nucleus via passive diffusion in response to cAMP stimulation, equilibrating throughout the nuclear compartment, where it subsequently phosphorylates CREB (9, 10). Although Ser133 phosphorylation does not regulate CREB DNA binding activity per se, cross-linking and genomic footprinting studies support the notion that in some cases, occupancy of the CRE site by CREB on chromatin is modulated by cAMP agonist (21, 26) . Evidence for an extrachromosomal pool of CREB that mobilizes to DNA upon PKA phosphorylation is lacking, but previous estimates of cellular CREB expression levels (5 ϫ 10 4 copies per cell) support that notion (9) .
Chromatin-bound CREB is likely to undergo several rounds of rephosphorylation during a 4-h stimulus, based on cellular pulse-chase experiments revealing that the half-life of phospho-Ser133 is 30 min. In view of their late effects, HDAC inhibitors may favor subsequent rounds of CREB phosphorylation either by promoting association of PKA with acetylated chromatin or, more likely, by enhancing access of chromatin bound CREB to PKA.
The inability of TSA to induce transcription from a transiently transfected template does not necessarily reflect a lack of chromatin structure on the reporter, but evidence from a number of laboratories supports that notion (25) . Indeed, in vitro reconstitution studies with chromatin-assembled templates reveal that periodic nucleosomal arrays are capable of blocking the phosphorylation of CREB by PKA, and this effect can be partially reversed either by adding CRE oligonucleotide or by acetylating template-bound nucleosomes with p300. The inability of p300 to completely restore phosphorylation of CREM by PKA in these assays may reflect the less than stoichiometric acetylation of nucleosomes, owing perhaps to TSAinsensitive HDACs in Drosophila S190 extracts. Nevertheless, the low efficiency of CREB phosphorylation by PKA on unacetylated chromatin templates contrasts sharply with the high stoichiometry of cellular CREB phosphorylation observed during the initial phase of the cAMP response. In view of these results, a substantial pool of CREB in unstimulated cells may be targeted to acetylated chromatin or may actually be nonchromosomal, associating with chromatin subsequent to PKA phosphorylation and CBP recruitment. Studies focusing on the occupancy of CREB on these chromosomal sites following cAMP stimulus should provide new insights into this process.
